In this study we present combined third-harmonic generation (THG) and second-harmonic generation (SHG) microscopy images of intact human corneas, and we analyze experimentally and theoretically the origin of the THG signal. Multiharmonic microscopy provides detailed images of the cornea microstructure over its entire thickness. A component of the THG signal originates from cellular structures and another one originates from anisotropy changes between successive collagen lamellae in the stroma. This anisotropy-related signal can be specifically detected using circular incident polarization, and provide contrasted images of the stacking and tissue-scale heterogeneity of stromal lamellae. Forward-radiated THG and SHG signals are generally anticorrelated, indicating that maximum THG is obtained from lamellar interfaces whereas maximum SHG is obtained from within lamellae. Polarization-resolved THG imaging reflects the alternate anisotropy directions of the lamellae. We present a model for THG imaging of layered anisotropic samples and numerical calculations that account for our observations. 
Introduction
Multiphoton (or nonlinear) microscopy (MPM) is an effective method for obtaining virtual biopsies from intact tissue [1] . One specific advantage of MPM is that several mechanisms such as fluorescence and harmonic generation can be combined to visualize different endogenous sources of contrast, providing structural and biochemical information on unstained samples not accessible to other noninvasive methods. This multimodal capability is particularly attractive for visualizing the microstructure of highly organized tissues such as the cornea: corneas consist of a stratified epithelium composed of 5-7 cell layers, a stroma composed of ≈2μm-thick collagen lamellae stacked in a plywood-like organization harboring sparsely distributed keratocytes, and an endothelium (see Fig. 1 ) [2] . Alternatively, linear optical imaging techniques such as optical coherence tomography (OCT) [3] and confocal reflectance microscopy [4] are often used for obtaining in situ ophthalmic images. However, as their contrast mechanism relies on spatial variations of refractive indices, linear techniques may sometimes offer limited contrast and specificity. This motivated a number of studies investigating the application of multiphoton microscopy to human [5, 6] and animal corneas (e.g. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] ). Two-photon-excited fluorescence (2PEF) imaging with 730-900 nm excitation reveals the distribution of endogenous chromophores [6] [7] [8] [9] [10] , whereas second-harmonic generation (SHG), that is obtained from dense noncentrosymmetrical structures such as collagen fibrils [17] [18] [19] , reveals collagen lamellae in the corneal stroma [5, 6, 9, [11] [12] [13] [14] [15] [16] . Third-harmonic generation (THG) is easily combined with SHG and 2PEF [6, 20] and provides an additional contrast mechanism. Unlike SHG, THG does not require asymmetry and can be obtained from any medium. However no THG is observed from homogeneous normally dispersive media, as the Gouy axial phase shift of the excitation beam near focus results in destructive interference [21] . THG microscopy therefore detects optical inhomogeneities with size comparable to the beam focus [22] [23] [24] . At the interface between two media a and b, the detected intensity approximately scales as (α a − α b ) 2 where α = χ (3) /nΔn, χ (3) is the third-order nonlinear susceptibility, n is the refractive index at the harmonic frequency and Δn is the dispersion [25] . This nonlinear mechanism produces contrasted images where heterogeneities emerge over a dark background. In particular, a strong signal is obtained at the interface between an aqueous medium and a lipidic, mineralized or absorbing organelle a few 100s of nm in size [20, 25] and THG imaging can be used to visualize the morphology of unstained tissues and embryos [26] [27] [28] . Besides this basic contrast mechanism, one often overlooked aspect of THG is that it can be used to probe microscopic anisotropy and birefringence using appropriate polarization of the excitation beam, as demonstrated in biogenic calcite crystals [29] .
In the present study we expand on our previous investigation of THG-SHG-2PEF imaging of intact human corneas [6] , by analyzing experimentally and theoretically the origin of the THG signal. We show that one component of the THG signal originates from cell structures and another one originates from anisotropy changes between successive collagen lamellae in the stroma. We show that this anisotropy-related signal can be specifically detected using circular incident polarization, and that polarization-resolved THG imaging reflects the alternate anisotropy directions of the lamellae. We find that forward-radiated THG and SHG signals are generally anticorrelated, suggesting that THG is obtained from lamellar interfaces whereas SHG is maximized inside lamellae. Finally, we derive a model for THG imaging of layered anisotropic samples and perform numerical calculations that account for our experimental observations. Fresh intact corneas were mounted between two coverslips and THG-SHG imaging was performed in transmission with 1200 nm excitation, as shown in Fig. 1 and detailed in the Appendix at the end of the article. In non-edematous (transparent) corneas, THG-SHG images could be recorded over the entire corneal thickness with little loss in resolution (0.75 NA excitation). An example of integral imaging with linear incident polarization is shown in Fig. 2 , (Media 1) and (Media 2). In the following, we briefly describe the signals obtained from isotropic (cells) and anisotropic (stroma) structures using linear incident polarization, before discussing polarization sensitivity in the next section.
THG/SHG imaging of entire human corneas
Representative THG images of the corneal epithelium are presented in Fig. 2 (b), 2(c). High NA THG images provide a detailed view of the epithelium architecture, where cellular and nuclear interfaces are visible [ Fig. 2(c) ]. Since no THG signal can be obtained from a homogeneous isotropic medium with normal dispersion [22] , these signals result from sub-μm bulk heterogeneity. Nuclear membrane visibility results from optical contrast between nuclei and cytoplasm, creating an interface between two bulk media. Cell-cell interface signals have a different nature and can only be explained by the presence of a sizable "slab" of intercellular medium, consistent with the structure of the corneal epithelium [2] . We note that such a signal may be modulated by applying an osmotic stress to the cornea causing tissue swelling around cells [6] . Similar structures are visible in the endothelium [6] .
The corneal stroma is composed of stacked ≈2-μm-thick lamellae parallel to the surface of the cornea (xy orientation) harboring sparsely distributed keratocytes [2] . The lamellae are composed of thin collagen fibrils incorporated in a ground substance, that are aligned along a quasi-hexagonal lattice. Adjacent lamellae exhibit perpendicular fibril orientation. As discussed in several studies, SHG signals originating from the fibrillar collagen are observed in the stroma. Interestingly, the THG signal provides complementary information. In particular, the stacked organization of the lamellae is uniquely revealed in xz-projected THG images, as illustrated in Fig. 2(f) . Combined THG-SHG imaging therefore provides a multiscale description of the stromal organization, and reveals variations of the large-scale organization of the collagen lamellae at successive depths [see Fig. 2 (d), 2(e). The posterior region of the stroma typically exhibits a regular, long-range stacked organization differing from the anterior region [ Fig. 2 (f) and (Media 3)]. Additionnally, we observed in high resolution (1.2 NA) images that THG and SHG signal maxima were generally anticorrelated and that THG signal maxima often correspond to a change of orientation of the SHG image pattern (Fig. 3 ). These observations suggest that THG signals are obtained at the interfaces between lamellae, whereas strongest SHG is obtained inside lamellae.
Polarization-sensitive THG imaging of the stroma
The imaging experiments described above were performed with linearly polarized laser light. Indeed, the induced third-harmonic polarization vanishes in the case of isotropic media illuminated with circularly polarized light, even in the presence of heterogeneity [29] . This stems from the fact that the χ (3) tensor responsible for the THG response of a homogeneous isotropic medium reduces to: [21] χ
where χ 0 is constant and δ is the Kronecker delta. The third-harmonic nonlinear polarization generated by a field E = (E x , E y , E z ) in an isotropic media can then be expressed as :
In the case of circular incident polarization (i.e. E y = iE x ), the nonlinear polarization P (3ω) is null and no THG is observed. Conversely, it has been shown that strongly birefringent media such as calcite can efficiently produce THG with both linearly and circularly polarized excitation [29] . The case of the lay-ered corneal stroma is slightly more complex: lamellae may be viewed as stacked slabs with alternate anisotropy directions (noted x and y). When the excitation beam (propagating along direction z) is focused near the interface between two xy lamellae, harmonic light from the first lamella emerges with a polarization state different from the one from the second lamella. As a consequence, Gouy-shift-induced destructive interference is not complete even if birefringence is weak, as detailed in section 4. Excitation with circular polarization is therefore a means to specifically detect anisotropy variations.
In Fig. 4(a), 4(b) , a section of the anterior stroma was imaged using THG with linear incident polarization (lin-THG) and THG with circular incident polarization (circ-THG). The two images are obviously different. Lin-THG reveals cellular structures (epithelial cells and stromal keratocytes) and a weaker component from the stromal lamellae. Circ-THG is obtained specifically from the lamellae. When going from linear to circular excitation, cell signals are decreased by a factor ≈20 while lamellae signals are increased 2-3 times, providing a convenient means to distinguish the two contributions.
More information can be obtained by recording polarization-resolved THG images. We used circular incident polarization and recorded two orthogonally-polarized images px and py 
Model of THG from a layered anisotropic sample
In this section we derive a simple model for THG imaging of the corneal stroma that accounts for the previous observations.
One first observation is that the microscopic anisotropy of the stroma is strong enough to be detected in THG images recorded with circular incident polarization [ Fig. 4(b) ], despite the fact that linear birefringence is weak [30] . The second observation is that the polarization of the radiated THG exhibits alternate ellipticity directions as the incident beam is focused in successive lamellae [ Fig. 4(e) ]. In the following, we consider THG from a layered sample consisting of anisotropic layers perpendicular to the optical axis of the microscope, excited by a focused Gaussian beam with linear or circular polarization. This is consistent with electron micrographs of corneal stroma which reveal a stacking of lamellae consisting of aligned collagen fibrils [2] along a quasi-hexagonal lattice: as a first approximation, each lamella may be viewed as an uniaxial crystal, with successive lamellae oriented along orthogonal directions. We first consider the case of a perfectly organized stroma consisting of lamellae of equal thickness and show that THG is observed principally at the interface between lamellae. We then consider the possibility of intra-lamellar organization heterogeneity along the z axis to account for polarization changes in the THG signal. Two aspects must be taken into account: tensor symmetries within xy layers, and phase matching along the z axis.
We make the following hypotheses and approximations (see Fig. 5 for geometry):
• Individual stromal lamellae exhibit hexagonal 6mm symmetry alternatively along x and y axis (i.e. orthogonal to the direction of propagation);
• We neglect refractive index dispersion and linear birefringence(i.e. n ω = n 3ω everywhere).
Our strategy is then to consider the x and y component of the nonlinear polarization independently, and to sum their contributions. 
THG from an anisotropic sample
The third-harmonic nonlinear polarization generated by a field E = (E x , E y , E z ) in a corneal lamella can be approximated as the polarization in a crystal with hexagonal 6mm symmetry around the x axis, and can be expressed as follows [21] :
where χ = χ
xxxx , χ cr = 3χ
yyzz are the three independent tensorial components of the third-order susceptibility. In practical situations, we can generally neglect the z component of the excitation field [31, 32] and write:
One well studied case is when χ cr = χ = χ ⊥ = χ 0 , corresponding to isotropic media. If the sample is homogeneous, no far-field THG signal is obtained because the Gouy phase shift experienced by the focused excitation beam produces destructive interference along the z axis. If the sample is heterogeneous (interface or inclusion near focus) and the incident polarization is linear, destructive interference is not complete and a THG signal is observed (see below). Conversely as mentioned in section 2.3, circular incident polarization (E y = iE x ) yields null nonlinear polarization P (3ω) and no THG even from interfaces between two isotropic media.
Interface between an isotropic medium and air
We denote G 0 (r) the field distribution of a linearly x-polarized focused Gaussian beam, where r is a point near focus. The nonlinear polarization created by this distribution in an isotropic medium can be expressed as:
We denote C 0 (z) the THG signal obtained when the focus is z-scanned across the interface between an isotropic medium (χ (3) = χ 0 ) and air (χ (3) = 0), where z is the distance between the interface and the focal plane. This case has been investigated previously [31, 32] and is illustrated in Fig. 6(a) .
Interface between an anisotropic medium and air
We now consider the case of an interface between air and the stroma [ Fig. 6(b) ], in the case of a Gaussian excitation with linear polarization making an angle θ with the main axis of the crystal. The nonlinear polarization in the anisotropic medium reads:
and the THG signal scales as:
In the case of a circularly polarized excitation, the nonlinear polarization in the anisotropic medium reads:
and the THG signal scales as
Interface between two semi-infinite layers with different orientations
We now consider the case of circularly polarized excitation only. We assume that the first layer is oriented along the x axis and the second one along the y axis, so the nonlinear polarization P (3ω) + and P (3ω) − created in the successive media can be expressed as:
Since no THG is obtained from a homogeneous medium, we obtain an equivalent system by adding
to the x (resp. y) polarization terms in both layers. We obtain: These expressions show that an interface between orthogonal lamellae behaves similarly to an interface between air and an anisotropic medium, yielding a signal proportional to C 0 (z). χ − χ ⊥ 2 with circular polarization. The absence of χ cr in this expression is not surprising, as this term couples the x and y polarization components and has a similar influence on both axes.
Polarization of the THG
In the sample geometry considered so far, a circularly polarized excitation beam always produces circularly polarized third-harmonic radiation, independently of the z-position of the interface. This does not reflect the alternate THG polarization directions observed experimentally [ Fig. 7(a) ]. The previous simple model is useful for understanding the interface nature of the observed THG radiation, but it does not account for the complexity of the stromal structure. For example electron micrographs [2] indicate that lamellae thickness is not constant, and that fibril stacking may present some disorder near interfaces. Therefore the third-order susceptibility tensor may not be constant within a lamella, and in some cases the excitation volume may encompass more than two lamellae. It would be a formidable task to analyze all the possible tensor geometries. However we can make the simple and realistic assumption that stromal lamellae are more organized in their center than near their interfaces so that χ depends on the axial (z) position within the lamella. The nonlinear polarization then reads:
where the z-component of the excitation field is no longer neglected. Numerical simulations were performed using the approach described in [32] . If we assume that χ ⊥ = χ cr and we consider a simple modulation where χ is equal to 2χ ⊥ at the center of a lamella and to χ ⊥ (i.e. isotropic case) at the interface [ Fig. 7(c) ], we find that the polarization of the THG radiation is also a function of z [ Fig. 7(b) ]. The THG signal is circularly polarized at the interface, and it is elliptically polarized within the lamellae with the main polarization component oscillating from one direction to the perpendicular one, in agreement with our polarization-resolved experiments. This confirms that a simple model of the stroma nonlinear response accounts well for our experimental observations.
Conclusion
We have shown that multiharmonic microscopy provides detailed structural images of the human cornea. THG with linear and circular incident polarization produce fundamentally different images and can be used to separate contributions from isotropic and anisotropic microstructures. The isotropic component can be used to image cellular and anchoring structures, whereas the anisotropy-related THG signal reveals the stacking and tissue-scale heterogeneity of stromal lamellae with micrometer 3D resolution i.e. at the scale of individual lamellae. These nonlinear mechanisms produce remarkably contrasted images. We derived a model describing THG by a layered anisotropic medium, that properly accounts for our experimental observations. This analysis provides a framework for interpreting THG images of the stroma and for future studies. Indeed, Fig. 2 and Fig. 5 show that THG/SHG imaging gives access to multiscale information on the organization of the intact stroma not accessible to linear techniques. Additional work will be needed to fully understand the SHG corneal images and also relate them to structural parameters, based on the findings presented here. One perspective will be to relate such multimodal images to multiscale (dis)organization parameters in the context of corneal dystrophy. Another perspective will be to apply this methodology for imaging the intact eye based on intra-occular backscattering of the forward-radiated signals, as shown in fixed mouse corneal tissue. [16] Finally, we recall that harmonic microscopy is compatible with other femtosecond laser-based techniques already being applied to the cornea, such as 2PEF imaging [5] [6] [7] [8] and femtosecond pulse-induced ablation [27, 33, 34] , so that multimodal imaging may be used to visualize the cornea microstructure after laser surgery.
human corneal buttons obtained from patients that underwent penetrating keratoplasty. Immediately after their removal, the whole trephined corneal buttons were placed in Hanks medium (Sigma-Aldrich, St. Louis, MO) supplemented with 5% Dextran T500 (Sigma-Aldrich) to avoid edema. Corneal buttons were maintained between two 150μm-thick glass coverslips to flatten the corneal surface surface and imaged from the endothelium side.
